Presented herein is an updated sheep cytogenetic map that contains 452 loci (291 type I and 161 type II) assigned to specific chromosome bands or regions on standard R-banded ideograms. This map, which significantly extends our knowledge of the physical organization of the ovine genome, includes new assignments for 88 autosomal loci, including 74 type I loci (known genes) and 14 type II loci (SSRs/microsatellite marker/STSs), by FISHmapping and R-banding. Comparison of the ovine map to the cattle and goat cytogenetic maps showed that common loci were located within homologous chromosomes and chromosome bands, confirming the high level of conservation of autosomes among ruminant species. Eleven loci that were FISH-mapped in sheep (B3GAT2, ASCC3, RARSL, BRD2, POLR1C, PPP2R5D, TNRC5, BAT2, BAT4, CDC5L and OLA-DRA) are unassigned in cattle and goat. Eleven other loci (D3S32, D1S86, BMS2621, SFXN5, D5S3, D5S68, CSKB1, D7S49, D9S15, D9S55 and D29S35) were assigned to specific ovine chromosome (OAR) bands but have only been assigned to chromosomes in cattle and goat.
Introduction
Cytogenetic maps, available for several domestic ruminants, are useful tools for studying complex animal genomes and chromosome evolution among bovid species (Piumi et al. 1998; Robinson et al. 1998; Di Meo et al. 2000; Iannuzzi et al. 2000a,b; 2001a) and between bovid species and humans (Schibler et al. 1998a; Di Meo et al. 2000; Iannuzzi et al. 2000b; 2001a) . Assignment of individual genes and markers to the physical map allows the identification of rearrangements within conserved chromosome segments that have been designated using chromosome painting probes (Hayes 1995; Iannuzzi et al. 1998; 1999) , as well as defines the complex rearrangements that differentiate humans and bovids. Other practical applications of these maps are in clinical cytogenetics, to better define the chromosomal rearrangements and abnormalities that may be involved in abnormal phenotypes (Iannuzzi et al. 2001b; Pinton et al. 2005) . Cytogenetic maps are also essential for anchoring linkage and RH maps to specific chromosome regions and to define the order and orientation of linkage groups for which there is poor evidence from the RH and linkage mapping data (Gautier et al. 2002) .
Although many loci have been assigned to cattle, sheep and goat genomes by linkage and RH mapping, a relatively small percentage of loci have been physically located to single chromosomal regions or bands. Unfortunately, very few studies have used both RH and FISH data for confirmation of RH-map construction across whole chromosomes or specific regions (Gautier et al. 2002) .
The only cytogenetic map for sheep is available through SheepBase (http://www.thearkdb.org/species.html). This map includes a few well-positioned markers, but uses an old ideogram that differs from that reported in the latest standard chromosome nomenclature (ISCNDB 2001) . A more detailed cytogenetic map covering all chromosome regions and constructed on the basis of the latest international chromosome nomenclature (ISCNDB 2001 ) is still lacking in this very important species.
In this study, a new and advanced cytogenetic map of sheep that contains 452 loci and covers almost all of the chromosome bands (mainly R bands) is presented. The map uses published data and the latest standard chromosome nomenclature (ISCNDB 2001) . The map includes 88 loci, including 74 type I loci (known genes) and 14 type II loci (SSRs/microsatellite marker/STSs), assigned by FISH and R-banding for the first time in sheep.
Materials and methods
Synchronized peripheral blood cell cultures and slide preparation steps were carried out as reported earlier (Di Meo et al. 2005) . Caprine BACs containing type I and type II loci were identified by PCR screening of the INRA goat BAC library (Schibler et al. 1998a ) and have been previously used to build comparative maps between ruminants, pig, horse and humans (Schibler et al. 1998b; Di Meo et al. 2000; Iannuzzi et al. 2000b; 2001a; Pinton et al. 2000; Milenkovic et al. 2002; Hayes et al. 2003) . Likewise, bovine BAC clones containing type I and type II loci were identified after PCR screening of the INRA bovine BAC library with appropriate primers as described by Eggen et al. (2001) . This BAC library was used to construct a first draft of a physical map of the bovine genome and over 26 000 BAC clones of the library were end-sequenced and are thus available as BES (BAC-end sequences) in GenBank (Schibler et al. 2004; . Cattle and goat BAC libraries are available to the entire research community through the GADIE Biological Resources Center (http://www-crb.jouy.inra.fr/ BRC/index.html). Table 1 summarizes information about all BAC probes used for this study.
Labelling of probes was done with biotin or digoxigenin with BRL-Gibco and Roche kits respectively. Ethanol precipitation was carried out in the presence of bovine COT-1 DNA or caprine genomic DNA for bovine and caprine BAC clones respectively to suppress repetitive sequences. In situ hybridization, signal detection, chromosome staining, microscope observation and image processing were described before (Di Meo et al. 2005) . At least 20 metaphases were examined for each probe. Chromosome identification and band nomenclature for sheep chromosomes followed the R-banded standard ideogram reported in the latest international chromosome nomenclature (ISCNDB 2001) . Only loci assigned to specific chromosome bands or regions in the present and previous studies, as well as those reported in SheepBase (Table S1 and references therein), were considered. Symbols of type I and type II loci followed HUGO (http://www.gene.ucl.ac.uk/nomenclature/) and BovMap (http://locus.jouy.inra.fr/cgi-bin/bovmap/intro2. pl) nomenclatures respectively. GoatMap data were from http://locus.jouy.inra.fr/cgi-bin/lgbc/mapping/common/ main.pl?BASE¼goat.
Results and discussion
The frequency of hybridization signals on both chromosomes and chromatids, or on a single chromosome or chromatid, varied between 35% (ASCC3) and 81% (UMPS). All mapped loci were localized on homologous ovine chromosomes and chromosome bands when compared with cattle and goat positions. A few apparent differences between published and expected localizations were due to the banding techniques used in different studies. The data confirmed the high conservation of autosomal chromosomes among the bovid species. Loci FISH-mapped in the present study with locus name and symbol, clone identification and chromosome localization in sheep, cattle, goats and humans are listed in Table 1 . Of these loci, 11 (B3GAT2, ASCC3, RARSL, BRD2, POLR1C, PPP2R5D, TNRC5, BAT2, BAT4, CDC5L and OLA-DRA) have been FISH-mapped in sheep only. An additional 11 loci (D3S32, D1S86, BMS2621, SFXN5, D5S3, D5S68, CSKB1, D7S49, D9S15, D9S55 and D29S35) were assigned to specific sheep chromosome bands but only to whole chromosomes in cattle and goat (Table 1) . Ten loci (BRD2, POLR1C, PPP2R5D, TNRC5, BAT2, BAT4, C4B, HSPA1B, CDC5L and OLA-DRA) were assigned to OAR20 extending the physical organization of this chromosome, which contains the major histocompatibility complex of sheep.
The revised sheep cytogenetic map, including loci previously mapped to specific chromosome bands or regions and the loci mapped in the present study on standard R-banded ideograms, is shown in Fig. 1 . A total of 452 loci were assigned to specific chromosome bands or regions of sheep chromosomes, of which 291 are type I and 161 are type II, extending the cytogenetic map and density of markers available for this economically important species. These loci are also listed in Table S1 , which includes the localization of all FISH-mapped loci in sheep and cattle and/or goat, the bovine syntenic groups and references.
Comparative mapping with human (Table 1) confirms previous comparative mapping data available from BovMap, SheepBase and GoatBase. Alignment of the cytogenetic map locations of loci between sheep, cattle and 
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cytochrome P450, family 11, subfamily B, polypeptide 1 goats confirms the high degree of autosomal chromosome conservation among these bovid species, although some major discrepancies in the location of loci between OAR and BTA (or CHI) were observed (Table S1 ): TNP1 (OAR2q33-q34, BTA2q42-q43), KRT1 (OAR3q21, CHI5q25), HEXA (OAR7q12, BTA10q15dist), ANK1 (OAR26q17, CHI27q19) and D9S6 (OAR9q24, CHI9q26). The assignment of D9S6 merits further investigation because OAR9 is currently designated as homologous to CHI14, not CHI9 (ISCNDB 2001) . Other minor discrepancies were noted (designated as more than two bands of difference) for D6S29 (OAR6q17, BTA6q22) and C4B (OAR20q22, BTA23q12-q13).
Cattle, sheep and goat autosomes have been arranged using only one common chromosome banding system in the latest chromosome nomenclature of bovid species (ISCNDB 2001) , as a result of their high chromosome banding similarities. In addition, all 31 bovine (and ovine/caprine) syntenic groups have been definitively assigned to specific chromosomes on the basis of official marker assignments performed with both G/Q and Rbanded chromosomes of cattle (Hayes et al. 2000) , as well as in those of both sheep and goat chromosomes (Di Meo et al. 2003) . The use of a common chromosome banding system among chromosome of bovid species allows easier comparison of physical maps.
The new cytogenetic map presented here will be a useful tool for further studies on both molecular and clinical cytogenetics of this species. In addition it will allow a better anchoring of linkage (Maddox et al. 2001) and future RH maps by providing independent evidence for the localization and orientation of markers on specific chromosome regions. With few exceptions, all sheep chromosomal bands have at least one locus in the ovine cytogenetic map described here. Use of this cytogenetic mapping data, along with linkage and RH-mapping information, will greatly advance our understanding of the physical organization of the sheep genome and provide a sound platform for local and complete sequencing of the sheep genome. The sheep cytogenetic map Figure 1 The new comprehensive sheep cytogenetic map on the latest standard R-banded ideograms (ISCNDB 2001) . The 452 loci include 291 type I loci (presented in normal characters) and 161 type II loci (in italics). Also see Table S1 . Loci mapped in the present study are reported in bold. The sheep cytogenetic map
